et al.. Equivalent Absorption Capacity (EAC) concept applied to the absorption of hydrophobic VOCs in a water/PDMS mixture. Chemical Engineering Journal, Elsevier, 2016Elsevier, , 287, pp.205-216. 10.1016Elsevier, /j.cej.2015 Equivalent Absorption Capacity (EAC) concept applied to the absorption of hydrophobic VOCs in a water/PDMS mixture ). Experimental measurements showed that absorption efficiencies (E) were low for water (around 2-8% for toluene and around 12-25% for DMDS) and higher for PDMS (from 88% to 98% according to the operating conditions). For the water/PDMS mixture, it was shown that the PDMS addition increased significantly the absorption of pollutants (E values in the range 25 to 65% according to the operating conditions). Besides, it was emphasized that the EAC concept describes satisfactorily the absorption behavior of the water/PDMS mixture. Finally, results confirmed that pure PDMS has to be used rather than a (90/10 v/v) water/PDMS mixture for hydrophobic VOC absorption. Using pure PDMS as absorbing liquid (dynamic viscosity of 5 mPa s), high absorption efficiencies (up to 98%) were obtained for L'/G' value around 5 (L'/G' corresponding to the ratio between the specific flow of the liquid and the specific flow of the gas). Under such conditions, pressure drops (Δ P) in the packed column and overall mass transfer coefficients (K L a) were around 1000 Pa m -1 (G' = 1.06 kg m -2 h -1 ) and 5 10 -3 s -1 , respectively.
Introduction
The removal of volatile organic compounds (VOCs) can be achieved using bioscrubbers.
However, some VOCs are scarcely soluble in water leading to mass transfer limitations. In response to the low solubility of hydrophobic pollutants, a Non Aqueous Phase Liquid (NAPL)
can be added to water in order to improve the mass transfer of pollutants from the gas phase to the liquid phase [1] [2] [3] . The NAPL acts therefore as a reservoir of pollutants. To date, PolyDiMethylSiloxane (PDMS, i.e. silicone oils) have been identified as the best organic solvents for the biological treatment of hydrophobic VOCs [4] . The biodegradation of VOCs is then obtained using a process in three steps: (i) the "absorption step": a gas/liquid contactor dedicated to the VOCs absorption from the gaseous phase to the liquid phase (PDMS or PDMS/water mixture); (ii) "the biodegradation step": a Two Phase Partitioning Bioreactor (TPPB) allowing the biodegradation of VOCs contained in the PDMS. In this step, VOCs are gradually transferred from the PDMS to the water phase containing microorganisms. Hence, the biodegradation of hydrophobic pollutants allow to "regenerate" the PDMS; (iii) "separation step": once regenerated, the PDMS is separated from water and recycled without microorganisms towards the absorber (Fig. 1) . The aqueous phase containing the biomass is partially recycled in the TPPB.
The present study is devoted to the absorption step. The mass transfer in such multiphase system (gas/PDMS/water) can be performed in a countercurrent gas-liquid absorber whose design procedure is well described in the literature [5, 6] . However, when the liquid phase consists of a mixture of an aqueous phase and a non-aqueous liquid phase, the physicochemical properties of the mixture have to be sufficiently known to enable the design to be carried out. The major problem for the design of such a multiphase absorber depends directly on the knowledge of the equilibrium solubility of the VOCs between the gas phase and the water/PDMS mixture. To solve this issue, an Equivalent Absorption Capacity (EAC) concept has been developed for reactor design [7] [8] [9] . According to this concept, the absorption capacity of any water/PDMS mixture is equivalent to that of a pseudo-homogeneous phase whose physical properties (VOC partition coefficient H mix , molecular weight M mix and density ρ mix ) can be calculated whatever the PDMS volume fraction in the mixture (φ). To date, the EAC concept, developed from batch experiments [9] , has been used to predict the influence of the silicone volume fraction on the physical absorption of different VOCs in a countercurrent gas-liquid absorber [8] . However, these predictive results need to be validated for continuous conditions. The aim of this study was therefore to experimentally apply the concept to data obtained in a countercurrent gas-liquid packed absorber contacting a gas flow and a (90/10 v/v) water/PDMS mixture. Three gas flow rates loaded with toluene and dimethyl disulfide (DMDS) selected as VOC targets were used.
Moreover, results from the EAC concept were critically compared to results obtained from the classical procedure calculation based on linear change in VOC partition coefficient with PDMS volume fraction. Fig. 1 . Absorption-biodegradation process with organic phase regeneration for hydrophobic VOCs treatment.
Equivalent Absorption Capacity (EAC) concept
This empirical concept is based on experimental mass transfer measurements carried out in a batch reactor between air and various water/PDMS mixtures. The experimental procedure described in Dumont et al. [9] demonstrated that the absorption capacity of any water/PDMS mixture is equivalent to that of a pseudo-homogeneous phase whose physical properties (molecular weight M mix and density ρ mix ) can be expressed using the following equations:
With:
The VOC partition coefficient (H mix ) between air and a water/PDMS mixture is expressed as a function of the VOC partition coefficients for air/water and air/PDMS, respectively, and as a function of the silicone volume fraction in the mixture (φ). It can be observed that the mathematical expressions of M mix and ρ mix depend on the physical properties of water and PDMS, balanced according to their proportions in the mixture (i.e. (1-φ) M water and φM PDMS ; (1-φ) ρ water and φρ PDMS , respectively). Moreover, the physical properties of water and PDMS should also be balanced using the non-dimensional ratios H mix /H water and H mix /H PDMS . The importance to take into account these correction factors on the actual absorption capacity of the mixture was highlighted in Dumont et al. [7] . These correction factors allow to moderate the importance of the mole number of water, which has a weak absorption capacity, and to actually consider the importance of the mole number of PDMS, which has a large absorption capacity. From a mass transfer point of view, the EAC concept presents the advantage of showing that a heterogeneous water/PDMS mixture has an absorption capacity equivalent to that of a pseudo-homogeneous phase [8] . 
Material and methods

Chemical products
Calculation procedure
The absorption performances were experimentally determined in terms of VOC removal efficiency:
In an absorption column treating diluted gas, the experimental efficiencies can be described using the Kremser formula [5] :
Where A is the absorption factor and N the number of stages.
In Eq. (6), m is the dimensionless VOC partition coefficient between gas and liquid phases. The relation between m and H is given by the following equation:
Using Eqs. (6-7), the calculation of the absorption factor is evident for water (φ = 0) and for PDMS (φ = 1). However, it is more difficult for the water/PDMS mixture (φ = 0.1) since the liquid mole flow rate, the molecular weight and the density of the gas and liquid phases have to be determined. Using the Equivalent Absorption Concept, i.e. assuming that a water/PDMS oil mixture has an absorption capacity equivalent to that of a pseudo-homogeneous liquid phase, the liquid mole flow rate is:
Replacing the expressions of M mix and ρ mix (Eqs. (1-2)) in Eqs. (6-7), the absorption factor for a water/PDMS mixture can be expressed as [8] :
An alternative form of the absorption factor can be given by replacing the expression of H mix (Eq.
(1)) in Eq. (9):
The objective of this study is to show that experimental results obtained for a water/PDMS mixture can be analyzed provided that the EAC concept is used to calculate the absorption factor.
However, it has to be noted that the absorption factor (Eq. 6) for water/PDMS mixtures can also be calculated using the assumption that the physical properties (partition coefficient, molecular weight and density) follow a linear evolution from water to PDMS. Such linear evolution was occasionally used to model mass transfer in mixtures of water and immiscible solvents [12] [13] [14] .
According to this "linear model":
The difference between the EAC concept and the "linear model" model clearly appears in Fig. 3 showing H mix values as a function of the PDMS volume fraction (φ). For the water/PDMS mixture used in this study (φ = 0.1), the physical properties of the mixture calculated according to the EAC concept and according to the "linear model" are summarized in Table 2 .
For all experiments, the hydrodynamic of the column was characterized on the basis of the overall mass transfer coefficients K L a calculated according to the following equations [15] : 
Results and discussion
Determination of the loading zones
In order to determine the liquid flow rates which could be used for absorption studies, the wet pressure drop measurements were measured for the systems air/water, air/PDMS and air/water/PDMS mixture. The loading zone was then obtained from the analysis of the pressure (Fig. 4) . Such curve allows to experimentally determine both the loading point and the flooding point for each system studied. Example given at Fig. 4 clearly shows the effects of PDMS volume fraction and liquid flow on the pressure drop in the column.
Loading and flooding points are reached at lower liquid flow rates for PDMS, which demonstrated the influence of liquid viscosity (Table 3 ). According to the results reported in this was set according to the absorbing liquid and gas flow rates (Table 4) . Table 3 . Loading and flooding liquid flow rates according to gas flow rates and PDMS volume fraction (φ). Table 4 . Range of liquid flow rates used for absorption studies. 
VOC absorption
Absorption efficiencies for all experiments are presented in Fig. 6 . Firstly, it can be observed that , the partition coefficient of water has no influence on the partition coefficient of mixture for a 10% PDMS volume fraction (Fig. 3) . Thirdly, for PDMS used as absorbing liquid (φ = 1), pollutant absorption efficiencies are ranged from 88% to 98% according to the operating conditions. Such expected results, which are similar for toluene and DMDS, are consistent with the low partition coefficient values of pollutants (H = 2.7 and 3.4 Pa m 3 mol -1 for toluene and DMDS, respectively). From Fig. 6 , it can be noticed that absorption efficiency is slightly dependent on the L'/G' ratio for bad and good absorbents (water and PDMS respectively).
Nonetheless, for pure PDMS, it has to be emphasized that absorption efficiency slightly decreased for L'/G' ratio lesser than 4. Indeed, under such conditions, the liquid flow rate is lower than the loading flow rate (Table 3) and consequently, the amount of PDMS used for absorption is insufficient to keep the packing surface thoroughly wet. Conversely, for the water/PDMS mixture, absorption efficiency is strongly dependent on the L'/G' ratio. In a first approach, one may suppose that VOC absorption in pure absorbing liquids (water or PDMS) would be mainly governed by thermodynamic properties rather than the hydrodynamic of the column, whereas for water/PDMS mixture, hydrodynamic conditions would have a major influence on absorption efficiency. In order to check this assumption, the overall mass transfer coefficients have to be considered. Example of K L a measured for a gas flow rate of 25 m 3 h -1 is presented in (Fig. 7) . It can be observed that the increase of viscosity lowers the mass transfer coefficient. For water, and considering all operating conditions, it was measured that K L a ranges from 1 10 -2 to 3 10 -2 s -1 , which corresponds to the values reported in the literature [15] . For PDMS, K L a values range from 2 10 -3 to 1.2 10 -2 s -1 and it has to be noted that the greatest K L a value determined for PDMS roughly corresponds to the lowest K L a value measured for water.
For water/PDMS mixture, K L a values are on the whole between water and PDMS values. To sum up, it can be emphasized for pure absorbing liquids, that the concentration driving force, low for water and high for PDMS, controls the mass transfer in the case of water, whereas it is not the limiting factor for PDMS. Moreover, for water/PDMS mixtures, both the concentration driving force and the K L a influence the mass transfer. Such finding can be highlighted by the determination of the absorption factor as explained below. (Table 1) . Conversely, for PDMS used as absorbing liquid (φ = 1), the low partition coefficient values of the pollutants allow to obtain absorption factors higher than 2, which corresponds to satisfactory conditions for an effective absorption. For this absorbing liquid, the comparison between experimental results and Kremser formula indicates that the packed bed in the absorption column is equivalent to two theoretical stages at a gas flow rate of 25 m 3 h -1 . In other words, it can be concluded that the height equivalent to a theoretical plate (HETP) is 0.5 m for these operating conditions, which is in agreement with the values reported in the literature for a randomly packed laboratory-scale
absorption column [16] . As it can be observed in Figs. 8-10 , the number of stages logically varies according to the gas flow rate studied because a greater gas flow increases the mass transfer in the packing bed. This trend is clearly evidenced in Fig. 11 giving the change in K L a vs gas flow rates, even if the change in K L a values is moderated owing to the liquid viscosity. According to this figure, it has to be noted that K L a values for toluene were systematically lower than K L a values for DMDS (around 30%). Since the operating conditions were the same for both pollutants, and assuming that mass transfer can be satisfactorily described by the double film theory, it can be concluded that the difference would be due to a difference between the diffusion coefficient values of VOCs rather than difference between gas/liquid superficial areas or boundary layer thicknesses. An attempt of experimental measurement of the diffusion coefficient values of DMDS and toluene in the PDMS used was carried out [4] . According to this study, 
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For the water/PDMS mixture (φ = 0.1), the absorption factor (Eq. (6)) is calculated according to the EAC concept (Eq. (9)), and according to the "linear model" (Eqs. (6-8, 11-13) ). Figs. 8-10 demonstrate that the procedure calculation based on linear change in VOC partition coefficient with PDMS volume fraction cannot be used for mixtures of immiscible liquids. Indeed, the calculated absorption factor values are lower than the absorption factor corresponding to an infinite number of ideal stages, which is obviously not possible. This result is due to the use of wrong values of partition coefficients which are higher than the actual values experimentally measured and modeled using Eq. (3) ( Table 2) . Conversely, experimental results highlight that the EAC concept describes satisfactorily the absorption behavior of the water/PDMS mixture.
According to Figs. 8-10, i.e. whatever the gas flow rate, the absorption efficiency strongly depends on change in absorption factor value. This information is consistent with that reported in (25% ≤ E ≤ 43%) were significantly lower than those determined for DMDS in similar conditions (Fig. 10) . Such a result can be explained by the hydrodynamic of the column as shown in Fig. 12 giving the K L a values for the different gas flow rates. As observed in this figure, for Q G = 32 m To highlight that the absorption efficiency of a water/PDMS mixture mainly depends on the amount of PDMS in the column, whatever the amount of water, Fig. 13 presents the absorption efficiency versus the PDMS amount flowing in the column (Q PDMS = φ Q L ). For the first time to our knowledge, it can be observed that absorption efficiency is proportional to the PDMS flow rate for water/PDMS mixture. Moreover, it appears that high efficiencies obtained for absorption using PDMS as absorbing liquid (φ = 1) do not require an amount of PDMS significantly higher than the amount of PDMS used in the water/PDMS mixture. Taking into account that water has only weak capacity to absorb hydrophobic VOCs, such a result leads us to question about the usefulness of using any water/PDMS mixtures to achieve an efficient absorption. Indeed, the use of water/PDMS mixtures involves designing an absorption column with a much larger diameter than that actually needed for an absorption in pure PDMS (φ = 1). In a previous study devoted to a calculation procedure based on the EAC concept applied to a countercurrent gas/liquid absorber [8] , a mathematical development generalized to any VOCs demonstrated that the amount of PDMS (Q PDMS = φ Q L ) needed for pollutant absorption in a countercurrent gas/liquid absorber could be calculated as follows:
According to Eq. (15), the flow rate of PDMS depends directly on (i) the gas flow rate to be treated, (ii) the absorption factor chosen, (iii) the PDMS volume fraction chosen and (iv) VOC partition coefficient values. Based on Eq. (15), the ratio between the amount of PDMS used in the present study for absorption experiments and the amount of PDMS theoretically needed for an efficient absorption was calculated for each experiment (Q PDMS min ). An arbitrary value of the absorption factor (A = 2) was chosen to apply Eq. (15) . For all experiments carried out with PDMS as absorbing liquid (φ = 1), the amount of PDMS used was higher than the amount required for an efficient absorption (up to 8 times for toluene), which explained that absorption efficiency was close to 1 especially at low gas flow rate. At high gas flow rate Q G = 32 m 3 h -1 , the absorption efficiency are slightly lower (around 90%), the amount of PDMS used being slightly higher than 100% of the amount required for absorption. This finding is mainly due to the increase of the number of VOC molecules that had to be transferred because the pollutant concentration was kept constant during experiment whatever the gas flow rate. For experiments carried out with water/PDMS mixture as absorbing liquid (φ = 0.1), results are detailed in Fig. 14.
It is shown that the amount of PDMS used was around the amount required for an efficient absorption only for some experiments carried out at low gas flow rate Q G = 18 m 3 h -1 . In these cases, absorption efficiencies higher than those measured were expected. For others experiments, results presented in Fig. 14 clearly illustrate that the amount of PDMS used in the water/PDMS mixture was not sufficient to ensure an efficient absorption. For a gas flow rate Q G = 32 m 3 h -1 , the amount of PDMS used was lower than 40% of the amount required, which explains the decrease of the absorption efficiency in spite of the increase in K L a. As a result, the use of the EAC concept to analyze the experimental data confirms that water/PDMS mixtures should not be selected as absorbing liquid to treat DMDS and toluene. To summarize, it can be emphasized that it is unwise to use water/PDMS mixtures for mass transfer because an efficient absorption in a (90/10 v/v) water/PDMS mixture requires roughly the same amount of PDMS that the amount needed for an absorption in pure PDMS. The use of water/PDMS mixture for hydrophobic VOC absorption has drawbacks because the presence of water: (i) has only a weak influence on absorption efficiency; (ii) implies to design a column having a diameter higher than a column designed for pure PDMS; (iii) generates high pressure drops. Conversely, the use of an absorber contacting gas and pure PDMS phases presents the following advantages: (i) to reduce the size of the column (in diameter, and in height) and (ii) to obtain high absorption efficiencies at moderated values of L'/G' ratio which allows to limit pressure drops. Nonetheless, the use of pure PDMS leads to a decrease in K L a in regards to values obtained for water/PDMS. However, this decrease is moderated and largely compensated by the affinity of VOCs for PDMS. 
Conclusion
The Equivalent Absorption Capacity (EAC) concept was applied to a countercurrent gas-liquid contactor for the absorption of hydrophobic VOCs (DMDS and toluene). For the first time, it was emphasized from experimental data that the EAC concept describes satisfactorily the absorption behavior of the water/PDMS mixture. Moreover, the predicted results given in [8] showing that pure PDMS has to be used rather than a (90/10 v/v) water/PDMS mixture for hydrophobic VOC 
